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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAL NOTE NO. 1350

ESTIMATEQ LIFT-DRAG RATIOS AT
SUPERSONIC SPEED
By Robert T. Jones

SUMMARY

Recent developmenﬁs in supersoric flow theory are applied
to obtaln estimates of the lift-dreg rotios thelt moy be
achleved by sircraft employing swepbt-back wings. Lift-dreg
ratios greater then 10 tc 1l can e maintalned up %o a Hech
number of 1.4 by thé use of large engles of sweep end high
aspect .ratlios. As the speed lneresseg in the supersonic range
the attainable 1ift-drag ratios decreasse and the gein due %o
sveepback also agppeers to diminish. An efficient configuration
for M= 1.4} would require sbout 60° sweepback, an aspect
ratio of U and a wing loading of one—third the oftmospheric
pressure. FOor & ving loading of 50 pounds per square foot the
crulsing altitude would be 60,000 feet ond the indicated

alrspeed 290 miles per hour.

INTRODUGTION

The work required to propel an alrplane a gliven distance
in sterdy flilght 1s equel to its welght times the distance
travelled divided by the 1ift—drag ratio of the alrplane.

Hence the fuel expenditure per mile of flight need nost lncrease
with speed so long =as the 1Lift-drog roatio of -the sirplane can
be meintained. However, with present shapes a prcohibltive
loss of lift-drag ratio occurs on passing beyond the speed of
sound and it is evident that a radicnl chnnge in configurstion
will be neceggary for efficient flight ot hlgher speeds.

The problem of san efficicnt configurauiop for . flight at
gupersonic speeds vas investigeted Dy Busemnnn in 1935
(reference 1). Busemann concluded thet en improvemsnt in the
¥ift—drag ratio ot supersonic speeds could be obt~ined by
gweeping the wing back at an angle Just aheand of the Mach
cone, but felled to recognize the relatively much gresater
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efficiencies obtalinable when  the wing is swept beck behind
the Mach cone. The change in the type of flov when the wilng
lies inside the Mach cone, and the -resulting increase in
efficiency have been broucht out in reference 2. However,
both reference 1 and reference 2 are restricted to considera-
tions of two-dimensional flow and hence aspect-ratio effects
could not be determined. Recent developments in aerodynamlc
theory heve overcome this difficulty, making it posslble to
estimaete the 1ift-drag ratio obtainable with practical
configurations.

The present report applies these new theoretical resulte
to obtain estimates of the lift-drag ratios that may be

" achieved with an efficient aircraft at supersonic speeds.
The estlimates are all based on the theory of small disturb-

ancegs, first because this is the only eadequete thneory
available, and second because it is reasoned that an alrcraft
producing a large dilstvurbance in the external flow would be .

w——inherently inefficlent.

At very high ¥ach numbers even thin bodies and small
angles of attack cauge relatively lerg e pressure Gisturb- -
ances and congequent neating of the fluid. Here the heating
effect of friction becomes no longer negligible. (Such
conditions are likely to be encountered by rockets; however,
in these cases the efficilency of steady flight mey not be of
primary concern.) The present analysis is therefore limlted
to more moderate speeds where the efficiency in steady ;1igh+
ig of primary importance ond vhere 1t is evident that such . _
efficlency can be achileved by known means.

FUNDAudNTAd RELATIOWD FOR WING LOADING,

ALTITUDE AND HAXIFUI LIFT-DRAG RATIOC

The 1ift-drag ratio of a conventional oirplene depends
primarily on its external configuration and on the angle of
attack and does not vary greetly with gspeed prov*ded.the
correct relation between wing locding and altiltude is mein-
talned. For maximum efficiency the airplane should be
flown at that 1ift coefficient CLopt for vhich lift-d&rag

~ratic is a meximum._An increase in speed then, necesalt~tes

an increase in altitude, since with Tixed 1Lift coefficienu
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(For o complete 1ligt of symbols see_appendix.)

%=f.%a (1)

where the subscript o refers to conditlions ot sea level.

¥ith lift-drag ratio fixed, higher speed does not involve
any increase in the thrust required for level flight; this
thrust is simply ’ ’ ’

T= TE?E%E;; (2)

If the propulsive efficiency of the engine does not drop off
with aliltude, the incrénse 1in apeed will thus be accomplished
without any increase in the fuel consumption per mile of
flight. Furthermore, the ilncrease in speed is not accompanied
by any significant change in the air loads or presgsures on the
alrplane and hence no incresse in structural gtiffness 1s
required. An obvious advantagc of thils method of Ilncreasing
the cruilsing speed is thet 1t does not interfere with the '
abllity of the alrplane to slow down at lower eltitudes and
land on short runwoys. A more compleéte discussion of these
foctors will be found in reference 3. - T

‘The altitude and specd of the airplane, of course, cannot
be increangsed indefinitely ot consinnt thrust, since eventually
8 critical Mach number will bc exceeded and the lift-dreg
ratio of the ailrplane will begin %o decreose. The limlting
gpeed and the corresponding sltltude- may be determined from
the relations o '

nnd . \ o SN
/s _. ' '
ova =" CLop%t _ (1)
2- .

where M: 1s the Moch number at which, for OL = CLopt:
the drag begins to rise abruptly, ra 1is the veloclty of sound
and W/S 1s the wing loading. )
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Equations (3) and (4) may be combined in the form

w/s

5 ='g CLopt M;? (5)

* where

P atmospherilc pressure at altitude
w' retlo of specific heats far air (1.1,

Equation (5) givns the relatlion befireen ving 1oad.ng and
atmospheric pressure_for maximum speed vithout loss of aero—
dynemic efficiency. This condition. can "herdly be attained at
lowr altitudes since with an atmospheric Pressure -of 2000 pounds
per square foot, for i = 0.75 ‘and the usuel values of GL pt!
the wing loading required would be oF thé order of ULOO pounds
per squere foot. At 50,000 feet, however, the required wing -
loading workg out to be the more practical value of 30 poun&s
per aquare foot.

Leter calculetflons will show that simlilar considerations
epply to supersonic aircraft; thet ig, the best Lift-drag
retios sre obtalned vhen the wing loeding is -an appreclable
fraction of the atmospheric pressure. - ’ i

At subsgonic speeds 1t ls customary te divlide the drag into
t7o parts, one the result of friction (including the friction
drag of the fuselage) and the other = thé induced drag — the
result of. the 1ift. The friction drag is considered nearly
independent of the angle of attack. Thus

vhere Cpg ig the drag at zero 11ft, and for subsonic flow
equalsg ch, the friction drsg. If the veloeclty and pressure
disturbences produced by the airplane are small, the drag )
eriging from the 1lift will be setisfﬂctorily represented by
the well-known formula

- . . R L. —CLz
Cn
' by = TTA

-

A7)
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or

- &K . ()

:IO
g
[

and the friction drag will be nearly independent of the angle
of attack. The 1ift-drag ratio at any angle 1s then

Cy, _ .
= Toreer (5)

UW*

Solving for the 1ift coefficient at meximum lift-drag ratio
results. in

Cp,. '
CLopt = B1/CTF (1e)
and therefore
L 1 1’ . ST
= =. - . 11
(D)max k] ﬁDO (.Cr_Di/CLz} = s _ ( }

In caleculeting lift-drag ratio for supersonlc speed the
drag may ageln be divided inte two components, one inde-~
prendent of the 1lift and one proportionsel to the square of the
1ift coefficient, Howevcr, in thls casdge the drag at zmero 1ift
inciudes a pressurse drag which veries wlth the thickness of
the body ©* wing. Also, at supergonic speeds, the draz due
to 1ift can no longer proverly be called "induced dreg." At
subsonic speeds the drag erising from tThe 1ift can be traced
to the influence of the trailing vortex wake on the wing. —
hencé the designation %induced.® At supersonic specds,
however, the forward influence of the weke ususlly constitutes
only a small prart of the drag arising from the 1ift and hence
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the term "induced drag" does not 'seem oppropriaste, DIIferdat

divisions of the drag due %o 1ift into comionents of wave :
dreg and induced drsg have been proposgsed, but the proportions |
allottoed in eny particular case depcnd on the method of calcu—
lation employed. In the present report the drog is celculnted
by integrating the pressure distribution in the “neizhborhood
of the body and in thie caas ~ 'Opy eppears simply as a -

pressure drag proportional to the sguare of The 1ifT cocffi-
clent. .The subscript 1 is retsined to idcntify the law of
variation With that of the 1naucet grag a2t subeonic speecds,.

Then, for compariaon with th( subsonic case, Ve moy writs
-Q 3
TN LT :J

A e (..«33

-

Cbo = Cpy + CDt

L e C
T o ] ] 4 Di 2
———Cpy = {grE)oL

where CDy 1is the totel friction drag, and Cpn4 . the total
thickness drag, due to wing and fuselege. The factor o

CD1/0L3 beers no simple rcletion to the aspect ratio as 1t

cg in the subsonic case, but is p comnlex fuanction of the
wing plan form and ;oaq Qistribution.

Yith the velues of 'Cp, and . GD1/CL s revised for 8UDOT~—
sonic conditions, eoustions ®(10) ~na (11) for the ontimum 1At
coefficient end meximum velue of the 1ift-drag retio remalin
valid. Meximum L/D is obtained when the drah'ouﬁ to lif’ is
equal to the dreg et zero iy o : TS

DRAZ AT ZERO LIFT .’ -
Thickness D“sg-or Wings

The thickness drag. of the winﬂ may be celculated by the
"methods of refcrence 4 or 5. Ficure 1 shows the faristion of
thickneas drag with Mach numbcer colculetod bv thp mcthod of .
reference 5 for = rectangulgr wing and_ for sovedhl svent-
back wings. In these crses tho sirfoill 18 oT symdet”icrl
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biconvex section 5 percent thick. The results fog.the_
swept-back sirfolls were obitsined from reference o, The
curve for the rectangular sirfoil is the same as that given
for the infinite wing by the Ackeret theory sincs, as has
been demonstrated Ly J. N. Nielsen in an unpublished appli-
cationl of the same method, the integreafjed effect of remcving
dutboard portions of the wing on the é&reg of the remsindor of
the wing is zero, at lesst so long se the Hach cone from soch
tip doea not intbrsect the ovjosite ti3, The thiclkness drw,
coefficient of the rectangular girfoil is therefore consba: -
when

. R . 9\ ) L. ..
AVTEET> 1 :K._-;le L
| | ~ Ty -
where - oo Ao Dk
. R 7WFTE -
A aspect retio Hﬁﬁi? -1 T
When the wing is swept well behind the Hach cone the -
flow over most of tke wing is of the subsonic type. (See

reference 2.) The pressure draeg is sncll and mey be

attributed to departures from the subsonic type of flow in

the region of the root section. In this condition the

outboerd sections of the wing have little or no drag, ~nd B
hence the dreg coeffiecicnt is inver ergely proportional To the LA
aspect ratio. At higher gpecds, when the Mech sngle ‘““ﬁ‘xﬁf
approaches the -leadlng-cdge anglﬁ the distribution of drag . - .
changes and the dreg coefficient ipcrcascs rapidly, pesrtic- IR ’
ularly on the outboard secctions. If the leading cdge 1is T -
too near the Mach cone, the drag of the swept wing will i :
exceed that of the strainbt wing. T

Figure 2 shows & plot gimiler %o fi*ure l of the
variation of drag with Machk number for tane-ed SW”pt—b&OF
airfoils. These results were obtaincd by K. Fargolis of
Langley Femorial Aeronautical Laboratory using the method
of reference 5. An extensive serics of calculations for
tapered wings nas been given recently by Stewrrt and Puc;ctt
(reference 7). In order to simplify the celculstions a
double-wedge scetion weoe eossumed, though it is not to be

1Date on file at Anes Laboraﬁorx.
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supposed that such a section would be deaireble in practice.
Here the sngle of sweepback (6Q°) is that of the midchor 3

-~ 1line of the airfoils, which is also thc line of maximum thick-

. nesas. The sharp rises in dreg coefficlent necer M = 1.52 end-

¥ = 1.71 occur when the Mach angle approaches the angle of
the trailling edge. Evidently all generators of th\ mina
surface must liec behind the lach lines to insurc favorahlc
drag velues.

According to the thin sirfoll theory thoe calculated flow
- for a given slirfoll plan form and Hech number wlill sctually
o be similar to the flow over another plan form at a difforint

Mach number, provided the two plan forms ere orlemted similarly

—with respect to the correaponding Mach lines. This reclation
- may be preserved by changing the x coordinates of the »plen
form (fig. 3) in the proporfion thnt the x coordinates of
the Mech lineca ere chenged, thet 1s, as JHE=1. For Plan forms
having similar flow j stuerns tla ratio _

- cot leading-edge angle | .
— n= 36% sweep angle of Mach 1incs will be constant.

The aspect ratio will then vary with Maoh number according to

A JFZ-T = constent (12)

and thin eirfoil thcory shows that thc drag cocfficicnt 1will
be proportional %o . , .

- (6/0)?
o 1B=1

=
-
e

or

_—— i e - - EIUNE ES R . L

Cpt VEA-L g (t/c)? ::}‘; o ’J*E}ls).

Pl

where t/c¢ 1ig .the thickness—chond ratic messurcd in thc strcam
direction. Figure Y4 shows the coefficicnt—

CDt Vlfz-—-l
{ E?c ’5
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plotted against m Tor the congtant—chord biconvex airfoils.'

F“iction Prag of Jiqg

In general, the friction drag of the wing will be of the
same order of megnitude as thae thickness- drazg. At very hizh
gpeeds & congiderable amount of hea’ 1s gensrated in the .
boundary layer and the resultaent temperature veristlan affects
the magnitude of the skin friectlon. For moderate eupersonlc
speede, however, the heating effect ls not large and tne normal
relation of sxin friction to qeypolds number will no% be
greauly modirfied. -

For present purposéé a congervative value of CD = 0.006

corresponding to a turbulent boundary laver at a Reynolds
number of 107 has bean used.

Drag of Fusselage

A method for calculating thne wave drag of a glender
fuselage at supersonic speeds was given br von Karmen in 1935
(reference &). Thig method was spplied in roference 9 to a

/fseries of bodies of parabolic asrc ghape and estimates of the
frliction dreg added 5o obtain total drag. More recently. the
calculations of Hascx (refersnce 10), Sears (reference 11),
and Lighthill (reference, 12) nhave become avellable. Thesec
investigatore apply Karman's method to tne detsrmination of
body forms heving a minimum wave drag for cerialn condéitionse.
The minimum problem is solved for tares cases: viz, I, given
volume and given length; II, given 1ength and gliven diameter;
end II1I, given dismeter and given volume. )

The following equations may be obtalned® from Haack's
report (reference 10)}. The lengthh 1 1s so chosen that the
tody lies between +1 and -1 on the x—-axis; r/ro 'is the
radius at sny stetion in termg of the maximum radius rg and
a ig the frontel zrea Tmro®. The voluxze is given in terms
of the volume of the circunscribed cylinder, and the drag
coefficlent, which docs not include friction, is given in

“The formulzas glven as the final relations in the report are
in error. However, the correct relstione can easglly be
derived from the praceding equationg. )
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terms of the frontal area. The factor d/1 48 the fineness
ratio, diameter/length. )

~—— -Case I: " Given length, given volume

(Z) = (/ism) }

IO

) -
Volume =.-Z. 11t T
T o

oo =g (97

Cese II: Given length, given dlamcter .

2
r ) = f1-%%® —~ x2cQesh~* L
To. X -

VolumO'ﬁ'% P - (15)

o= (9

Casc III: Given diemeter, given valume =~

(%%)3 = S/I=x® - 2(WI==7)% -~ 3x2coshrl =

- 2
Volume = = 1 T, _ ( (16)

_ 3 P /é..z
Cp =5 QL)

4

Figure 5 shows the body shepes computed from thcsc‘formulae.
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Although the wave drag diminishes with .increasing slon—
écerness, the friction érax for a gliven volume or a given
cross séction tends to increase-becausc -of the grester
gurface arce. With usuzl values ‘of ‘the frictlon coefficiont
e favorable balance between the two components recuires such
s slender body that in most cascs the dimensions will actually
be goverrned by the minimum clloweble .érose section. For a
slender body the surface arca’ &nd 'hence the friction drag ™
assoclilated with & glven erdss section ie nro ovuional to i/4,
whlle the wave drag ie proportionel ta (a/t ‘It follows
that the total drag will bec g minimum when thc slendernesas
ratio 1s such thet the friction dreg 1s twice the wave drag.

It. will be noted thet the body shape for case I zctually
- hes vory little more drag then the case II body of the geame
dilamcter, and since body "I hes a greater uscful volume, it
geeme a logical cholce for- pracuical design. Figure 6 shovs
the wave dreg for cegse I and also the total 4r:g, baesed on &
skin-friction coefficient of 0.0021L, as . function of the -
fineneses ratic. The velus of this friction coefficicnt was
obteined from roference 13, and corrdspénds to a fully turbu~
lent boundary laver and =z “eynolds nunber of 10°. With this
friection coefficicnt the optimum finenoss ratio is about 16 -
to l.

DRAG DUE T0 LIFT

The drag due to 1ift ie estimetcd from theoreticeal
solutions for the supersonic flow ovcr thin 1ifting surfacos.
Theorcticael. solutions sre known for crsceg in which the
1ifting surface is curved and twilstod in such a wey as to

support a unifor load (rofcrence 1i) =nd, for certsin
rectangular tricnguler, or tapcred flat surfaccs (refereonces
14 and 15).

Uniformly Lozded Surface

. .The solution for the uniformly locded surface nay be
derived- by mcthode siniler to those described in reference 5
for the nonlifting sirfoll. In that report the pressure duc
to thickness on an 2irfoil obligue %o the stream was obtained
by superposing thc effects of obligue line sources in the
acceleration poventiesl ficld. The effect of & line source is



1z - : _ _ NeCa TH o, 10550

to cauge a deflection of the stream linee crogsing the source
like the deflection caused by a thin wedge-shaped body; thet
is, the line source is followed by an nres over which the
vertical velocity w 1is constant and of opposlite sign ebove
and below the chord planc. o :

Similarly, an obliquc vortex gives rise to a constant

. _Qdifference in the horizontal velocity incremcnt. u, and tahere-

fore in the pressure, above and below the planc of flow crogs—
ing the vortex. The corresponding w for a semi-infinite

—vortex is glven by

Bu — -1 x!' -1 X
w _F%% CJl m= cosh e cosh ﬁﬁ) (17)

where x!' = x - ny and |y'| ‘denotes the absolute valuc of
y — mx . (Phe geometry of the figure has becn adjusted, es8
described in the preceding section and refercnce 5, to
corraspond to the case in which thc Hanh.anglb_is'&5°; thet 18,
VEEID = 1.) - ’

The shape of the surface and the constent »ressure orc
related to the velocity increments by the following formulos:

éz _ W . -
Cr At . (18)
and
Ap _ 2u ' :
==& (19)

Thus the camber of a triangular alrfoil shopoed to support o -
uniform loed (fig. 7) may be obbained by superlmposing two
oblique vortices to form & -V coinciding with the leceding =
edge of the tricngle. Intesration of cgustion (17) for this
cese ylelds: . _ ' o o S
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»

z =0k {‘V:T-"I_n {F' coen-
bl | - m N - 7 [yt

-2 <%_¢osh“l —i—'fJ X< + 35)

where

X' = x + oy and ¥' = ¥y + Bx. ‘v

. To obtein a 1iftine surfpce of finite chord Lt Le rnxzcegsary
to introfuce a negative V-gheoped vortex ot the desired chord
length dovnetresm. (See fig. B.) Tharough the use of g finite
numbexr of stralght vortsx sezments sny »Hlan TForm bounded by
etraight lines can be obisined.

The variation of w over the erea enclosed by the
vortex segmente not only zrives the camber and tviet of the
purface reguired to sunvort a yniform load, bui algo can be
used to calculatve the drag: arieing Trom the 11T¥., It can be
seen Thalt, since thd nresgure distribution is uniform over
the section, the reeultant forece w11l lie in a direction a¥b
right angles to the chordéd l1ine, or the line Joining the
leading and trailing edge, regardless of the camber of the
surface. Hence tihe encle of attasck of the ckhord line at any
sgection Times the 1ift xives the drsg dus to 1ift at that
eection. ' )

In case the leading edge of the airfoll is shead of the
Hach cone the uniformly loaded surfece le flat over noritions
of the wing not influenced by the roct or the tin, as 1s given
by the Ackeret theory. More interesting czeges ere those in
whieh The leading “wdges sre swont behind the Mach cone.

In the cerse of the swept-back wing 1% is found that the
angle of attack hes a logarithmic infinity at the center
gection. Eence the ving vould require an infinite twiet bo
maintain the uniform load ecross this section. At a dietance
from the center gsection the eghave of the 1lifting surface
recerbles that of the femilliar "conetent load mean line! urged
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for auveonlc alrfoils. The twlst and hence the gection drag
disappee” rapldly with dlstance from the center section.
There is consequently a marked reduction sf dreg coefficient
with increasing aspect ratio, Just as in the case of the drag
due To thickness.

The infinite twist required at the root section, of
course, makes the censtructlion of such e ving impractical
We may conclude that 1n a practicel winzg there will be some
falling off of the 1ift across the center section, and calcu-
lationg of the 1ift distribubion ,o“ flat sur*aces ghow such

———& loga. The uniformly loaded =a21r i gives a useful plcture

of the variletion of drag with plan zorm, hovever. In aplite of
the fact that the local Grag coefficient et %the root secilon
tends towerd infinity, the’ 1nuegraued or over-all drag
coefficient of the stept-hack ving ig finite and at reagonable
aspect ratlos is consider@bl lower than that of the flat
unswept wing. ;

Filpure 9 shows the coefflelent of drag due to 1if%
Cpy/Cr® “for a series of uniformly losded sirisils having s
congtant chord end varyinr cegrees  of sweep. To simpli’y the
calculations, an apnroximstion vag made for the effect of the
wing tin. With the tip cut off parallel tc the direction of.

light a2 large twied would tqeoret*cellj have been required to
mainta11 the uniform load right out to the tip. Instead of
~calculating. this additionel twist at the tip, the shepe of the
infinite wing with uniform: load waeg agsumed withbout modifica—
tion and a logs in 1ift within the lnch cone originating at
each tip was taken into account. 8Since the 1ift will heve the
full value along the btoundery of the cone and 311 fall %o
zero at the tip, an average value of half the full load was
used over this region. Since the efféct of thie apwroximation
to a tip effect on the to%hal draz value vas small, eny error
involved in the appraximation must also be small., If the tip
were cut off along the Mach lines, slightly 1o"e” velues of
Cpy/C1” would have been obteinéd.

Figure § shovg that %he values of. Cp /uL at super-—
gonic speed are in general higher than the valua corresponding
to the gsame aspect ratio at suosonic ‘speed but approach thie
value as the angle of sweep ig indredsed (i.e., 28 m»0j.

The practical difficulty of meintaining a gilven aspect ratio
of course increases as the angle of sweeh 1is increased.
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Flet Lifting Surfaces _
Rectangular plan form.- For a flat rectangular wing of
infinite aspect ratico the Ackeret Theory gilves

oCr u. (21)
da T JEET
Since the 1ift is at right angles to the chord,
: (22)
cDi = GL X o
and .
C
1 D1 0.25 (23)

-
|

‘At & Mach number of 1.4 this vslue is nesrly five times the

drag due to 1ift of a subsonic sirfoill of samect ratio 6.

If the wing has a finite aspect ratlo there will be a
reduction of 1ift at the tip and a conseguent reduction in
0L /da- from the value given by ecuation (21). The distri-
bution of 1ift over the t11 of a flat rec angular .wing has
been calculated by Busemann (reference 14). The 1ift over the
prortion of the wing bet-reern the %ip Mach o cones (flg. 10) is
constant -ané ecual to-that given by the Ackeret theory.
Within eilther ©Tip cone the 1ift pressure falls from thils value
to zero at the tip. If y/x represents the fractionsel
distance Ffrom vhe tilp torsard the MHech line at a given chord-
wise posgition, then the 1ift preasure varies according to
the funcilon

cos” (i - 2 _ (24)

»
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~Superposlng the effects of the two tip cones where they
overlap and integrating the presgure over the whole wing gives
for the 1lift coefficient ) ' ' .

— S - e = _L}q:_gﬁfmﬁ_l -'-3-‘_._ (25)
NigR-1 A VM3

and for the drsg due to 1ift

1 (Say. _afEr (26)
112-1 \CL,?2. LAVTER-T -2

Busemann's solutlion is velid for A ~M3Z1T > 1.0, thet is,

go long as the Mach cone from one tip does not croes over the
opposite tip. It is interesting to note thot then AVIB-1=1.0
the 1irt falls to zero along the: ~hole tralling edge snd the
span loand distribution. is ellipticnl, as shovm in reference 16
for sirfoilisg of wvery low aspect ratio.

Trilenguler plen form.—- Formulas for the 1ift distribution
and 3¢y, ,ea for a flet friangular alrfoil behind the Mach
— ——-cone ha¥ve been given recently by Stevort (reference 15).
Stevart findz thot the 1ift distribution ea predlcted from
—-— - -elementrry considerstions for very slender triangles (refer—
ence 16) sctuslly holds for oll leading-ddge engles until the
leading edge touchesg the lach cone. Stewart finds also

where E = E{(/I-m7) is the elllptic integral.

In the cese of the flat surfoce ith the leadling edge
behind the Meach cone, the chordwise 1ift dlstribution hes an

-
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infinite value at the leading edge Jjust as it does in the
subsonlc case. Here the regultant force will be inclined
forward relative to the chord plane because of the suction

force at the leading edge.

The drag due to 1ift for the flat triangular airfoil
wa.g evaluated by setting up the complex etpressior for. ths .,
velocity field u andg “w Py means of Busemann's method
(reference 14). The drag was then calculated from the

formula
CD.:f%‘Ex%ds : (28)
R C ’

by integrating around s contour ¢ a short distance avway
from the asirfoll surface and enclosging the s*ngularity at

the leading edge. - The. resu‘t ig

1 Opy 22 -/T =ms (29)
MR -1 -CL 3 lh'rm .
A similar formuie has been ﬁiven recentlv by Y. D. Hayes

(reference 17).

In this formule, the first term represénts a drag ecual
to the 1ift tlmes the angle of attack, and the second term
represents the thrust at the leading edze It is noted that

this letter term dlsappears nrogres &vely as the edze
approaches the Mach cone {i.e., AJ/ii~—1~>l}. A%t the other
limiv, %the slender trianvle near th= center of the XHach cone,

Es 1, and

= (30)

Cpy 1
CL2 A
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as in reference 16. Although the theory shows a forward
thrust on the thin plate with a sharp edge, 1t is not to be
expected that this characteristic will be realized in »ractice
unless the leading edge ie given a fin;te rnﬁius or caube*.

- T Tepered plan form.— The theoretical 1ift distribution
for & flat untapered swept-back wing with the losding edge

behind the Mach cone has not yet been determined. However the .

solution for thag flat triangular wing mey be readily eythaed
to include a specilal family of tepered wings. This exteneion
is based on the fact that an arez of the trianﬂular wing moy
be removed by making cuts along Mech linee without affscting
the flow over the area remaining ghead of the cuts. In
particuler, the removal of-such area will notb. affect the
________ _suction force on the leading edge, as long as the arer rcmoved
does not include. eny of the 1ead1ng edge so that the
coefficient of thrust will_be increased as ares is cut awny.
Evideontly the most efficient members of thils f=o mily of olr-
folls ere thosé in which the maximum arec ig cut out of thoe
triangle, that is, the wing is tapeored to a point. (See
figl ll) s T T ’ .

. With the Strelling edge fixed at thb ¥ach angle, tho angle
of teper and hence the aspect retic of these winos var*es with |
the angle of swecD in such mPnncr that

7

i A=A _ - (31)

—— a8 the leqqing edge pppronches the Mach conc n1->l O
and the espect rotio ¢ epproachos infinity.

The lift-curve slope of these airfoils lae dctermined
— . 8imply by integrating the pressurc dlstribution for the
trisngular airfoll. over thb apﬁ;O?riEtC arcs. Tha calcule-
tion gives T - '

‘ﬂ::'_— 6CL lm 1 GOS—l (—m) +m J.’“l~m '('72)
Sc T /icms E 1+ m- § 1tm

~nd for the drag due to 1lift
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\D

Lt

1 %y 3 _ /IFm 1 we
. JHEZL OL® oL buL 1-m Hrm - (33)

.

where N 1ig the ratlio of the lift—curve slope of the
trianguler airfoil to that of the topered airfoil, that 1isg,’

(/2)/I-3 |
) cog T{-m) o :7Ed= ) (3h)

1+m

Equations (31) through (34} =2pply to the case of the.
wing tepered to a point. In suessgonic £lor guch extreme teaper
is known to lead to high local 1ift coefficlents over the
tip portlons and to The possiviliiy of tip steolllng even ot
moderate 1ift coefficients. 4 aimilar -vendency 13 evident
at supersonlc speeds; in foct, the section 1ifrt coefficlents
tend toward infinity at the poin ed. tip. Hence the extreme
taper should not be used in preactice and value of GDi/GLZ
colculated for these cnges wlll bte somevhet optinistic.

Comparison of LAft nnd Dr-g Volues for Flat Surfnces

Curves ghoving the varlation of llft-curve slope with
Mach number and aspect retlao for the rectinngulnr, Trisngulaer,
and tapered oirfolls are shovn in Ffigure 12. At AJE?Z%F i
the lesding edge of the trianguler airfoil touches the iinch
cone and, as shovn by Puckett (reference 4), the 1Lift charac—
teristics et higher aspect ratlos are idenbical writh those of
a rectangular alrfoil of infinite saspect rntio.

The -drag due %o lift vergsus aspect ratlo for thne varlous
flat wings 1s shown in figure 13. According to the Ackeret
theory

R . (35)
“<—1 Cr,

[

and 1t is to be noted that both the rectangular and the
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triangular airfolle spuroach thie value at higner asvect ratlios.
At : :

o< (36)

the leading edges of the triangular airfoil are behlind the ach
cone and the drag due to 1ifs is reduced somewhat because of
the-suction on the leading edge., However, the reelly favor-
—able values of Cpy/CL® are obtained only with the swept—bacik

winges of relatively high aspect ratio. The fect that the
values for the flat pointed winge agrée with those for the
- cambered, untapered aslrfoilsg shown on figure 9 is an indi-
cation that the drag due to 1ift 1isg 3rimarily e function of
sweepback and aspect ratio. .

RESULTS: -

The totel drag of the sunersgonic aircreft can now be
estimated by adding up the components thus -far conegldered
with an allowance for the friction drag of the wing and a
smell allowance for the tail surfaces.

Since the lift-drag retioc incresses Wity imcreasing slen—
dernees of the wing, 1t is necessary to esteblish some standard

-——of glenderness to obtain comparative vslues. A.rough measure

of the structural stiffness of a wing: is the maximum spar |
depth at the wing root divided. by the distance, messurcd along
the spar, to the centroid.of area of the winy' A velue of

——1/15 seems to be about the limit of presént-day constrdction.

—— . Alrplane with Constant Chord Swept-back Wing _

Figure 14 shows 1lift-drag ratios obtainable at i = 1. 4 8.6
a function of m with a confizuration -embodying the conatant

chord, uniform 1lift alrfoil and a. type I body of 15 to 1 fine-
ness ratio. An allowance of CDe= 0,006 was made for the

friction drag on the wing and.a value equal to 10 percent of the
wing drag was allotted to the vertical tall. No horizontal o
tell is shown, since it is not clear that such a tail would be '
recuired with this configuration. The frontal area of the body
wee assumed to be U4 percent of the wing area. The drag and 1ir%
of the wing were assumed to CaTry across the center sections.
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without being modified by the w»resence of the bodye.

The airfoil shape is obtsined by superimosing a nara-
bolic arc thickness distribution udon.a cembered and twisted
gurface derigned, as discussed earlier, tc suvacrt a uniforn
load. The varioh in sweepback, or .m, 1in thle case wasg
sasgeumed to be obtained by rokating the wing Danels wiTacut
changing their length-width ratio, hence the asgvect ratioc

. Vvaries with eweep as shown. The wing in the unswept poesition
would have an asvect ratio of 12. Ir The-ratio of the root
thickness to the snar lengtnh from the root sectlion to the.
centrold of the wing panel ls 1/15, the thicxness—chord ratio
of the unewent wing rould be 0.2. The rfzme wing roteted
through 60° {m = 0.577) hae an es3ect ratioc of 3 =nd a t/e
(¢ measured warallel %o the streaxr) of O.1.

© The celculations for the uniformly lodfed vings shoW
higher 1i1ift—@rag matioe for stlli higher aecmect retlos and
greater thicknese—chord ratios, but 1t is doubtful that the
calculations based on the theory of small éisturbesntés spply
in these cages.

Because of the higher sspect ratlior atitainable vith a
Sapered wing it is found that there configurations are more .
efficlent then the constant chord wings, and therefore they
will be discuessed in somevhat greater cetaill.

Alrplane with Tevered Ying

Figure 15 shows the 1lift-drag ratioe obbtainable at M = 1.l
‘with the flat »ointed wing. The proaortions of fugelage and
t2il are the same as in the Dreceding case, and the =ame value
of Cpr was used. The calculatione vere made assuming double-
wedge sectioneg (as in flg. 2), but an ao>»roximate correction
factor of #/Z wae inserted into the thiclmness drag to take
account of the greater average slooe of the biconvex profile.
The quantity L/3 is the ratio of the wave Srag” of.the bilconvex
section to that of the dovble~wedge rection ln tro-dimensional
flow. The maximum wing thickhese in each csse is again 1/15
the distance from the wing root to the centrold of area of the
half wing. The varietion of t/c (etrearmwise) ie -shovn in
Tigure 15. Since the trailing-elge .angle is fixed on the Mach
line, the aspect ratio increasee indefinitely as m aponroaches
1, according %o eguatlion (31)}. The opntimum 1ift coefficient
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calculated by equation (10), is also shown in figure 15.

T - -Ftgure 16 showes the variation of (L/D)gax with m at
different M¥ach numbere. It ie noted that the ontimum value .of n
is different for different Mach numbere; there appears to be
no fixed relatlon between the aweepback angle and the Mach
angle. Evidently relatively greater sueepbaci angles ehould

- be umed at smeller Mach numbers. The optimum values of m will,

of course, be influenced by the magnitude of the friction draz.

DISCUSSION OF RESULTS

Effect of Plan Form .

Figure 17 shows the 1ift-drag ratios replotted against _
agspect ratlio and commared with valuee estimated for a stralght
- -vwing-body combination. It will be noted thet ud to M = 2 the
swept-back wing|le much more efficlient than the straigﬁt wing.
The difference 1s amaller st the higher Mach numbers, however,
- ———and the sdvantages of sweepback at very high Mach numbers may
R —be dquestioned. In each case the efficilency diminisqee with Mach
number.

Although the configurations ghown in figures 14 and 15
appear from the calculstions to give .the beast 1ift- drag retios,
""" 1% 1s not to be assumed that there conflguretiona are esctually
the most suitable for Dracticel use. In vractice the wing muet

“camber or twist to avoid the high concentration of loed near
~the tips. Aleo, as hae.becn dreviously remarked, the location
of the trailing edge on, rsther then behind, the "¥ach lines
vag chlefly a computetional device. It is probable thet a
greater sweep of the tralling edege.wanld be deelirable.

Such modifications will of course causge chengee in the
lift—-drag retio. However, 1% ie believed that the hichegt 1ift-
drag values shown can sctually be apvroached with practical
configurations. The theoretical values of- Cp;/CL® for the
wing with ite tralling edge along the Mach cone are eomewhat
more favorable than the values Lo be expected with a wing
having ite trailing edge behind the Mach cone. On the other
hand, the location of the tralling edge along the Mach line is
unfavorable from the standpoint of thicknese drag, as ghovn by
figure 2. Hence the net effect.of tralling-edge location on
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(I/D)max 1& not expected to be very pronounced. The benefi-
clal effects of tepering the wing indicated by figure 17 may
als% be assumed to hold qualitatively for more moderate degrees
of taper. .

Alrfoll Section’

No attempt was made in the analysis to Find an optimum
airfoil profile. The section egesumed for the calculations
hes & psrebolic thickness distributlion. In practice, as
previcusly mentioned, i% would be necessary to round or
camber the leading edge to achieve the predicted velues of
Cps/CL2. It might also be advantrgeous to use (with the
tapered plan form? a cusped trailing edge. This device would
enable the designer to take sdvantage of the high 1ift to be
obtained by placing the trailling edge along the Mech lines,
while effectlvely glving the thickness dlstribution a greater
angle of sweep and thus averting the large woave dreg which
ariges when the generators of the thickness distribution are
too near the Mach lines. . :

" Friction Drag

The allowance of 0.006 made for the friction dreg coeffi-
clent of the wing corresponds to o Turbulent boundery laoyer
at a Reynolds number of 107. The assumpbtlon of turbulent
friction for both wing ond Fuselage is bellieved Lo be
conservative; slnce there are indications theat large areas of
laminar flow cen be achleved ot supersonic speeds. The
imporitence of maintaining laminar flow or otherwise reducing
the frictlilon can be seen from the megnitudes of the vorlous
drag components with the best configurstion (fig. 15, m = 0.5)
at a Mach number of l.H%. -The vnrious oomponents are showmm
in the folloving table: ' :

(1) Thickness drag of viqg¢~"—~~——'0 ool x>

(2) Friction drag of wWing .0060-- -
(3) Thickness drag of body .0026.
(4) Friction dreg of body . 0036
(5) Drag of vertical tail . - +001®-
Totel drag at zero 1ift: Cpy = - . -0L67«

Dreg due to 1ift Cpy = .0l67€ —
Total drag C. '

Friction drag (2) + () 0.00396
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:Note that the friction drag is more than 50 percent of the
total drag at zerc 1ift. %ﬁ this case the maximum lift-drag _
ratio 1s 10.7; with completely lominar flow the ratio would
increase to about 15.

Optimum Wing Loading and Altitude

The anaelysis indicates that rensonably good anerodynamic
efficiencies are obtainsble.up to Mach numbers of L.5." A%
M = 1.4 the best configuration studied should operete near =
1ift coefflcient of 0.35:. From edquabtion (5), the 1ving loading
" for this case workas out to be about one~half the atmospheric
pressures This pressure disturbarde can no longer be considered
small and the question arises as to vhetheér the linearized
theory can be considered appliceble in thils case. No accurote
anslyeis of this limltation con be given at present. However,
an approxlmate criterion can be deduced by comparing the flow
over the swept-back wing with the two-dimengional aubgonic flow
over a wing eection at the gome component ¥ach number as
suggested 1n reference 2. When this comparison is mnde for
confligurations near the optimum in figure 15 it is found that
the wing sectlons are operating beyond their critical iinch
numbers ot the indicated optimum 1ift coefficlent. Thus it

"nppears thnt the optimum 1ift coefficolent willl scturlly be

gmaller thon Ais indiented by the linearized theory. For the
best configuration ot ¥ = 1.4, it ~pperre thot thc optimum

1ift cocfficlent may be nesrer Q.25 thon the 0.357 indicrted
by figure 15. In this cAse the L/Dgpnx wWill be diminished
Tfrom 10.7 to 10, and the optimum wing loading from one-~half to
approxXximately one—third atmoapheric pressure. AL sen level

the wing londing required would be 700 pounds per square foot,
.but for operrtion. at 60,000 feet the nuch more reangonsble figure
of 50 pounds. per square foot is obinlined. At thie altitude the
true alrspeed 1s 900 miles per hour’ and the Indicnted nirspeed
290 miles per hour.

Ames Aeronnuticel Loboratory,
Nntlonal Advisory Committee for Aeronautics,
Foffott Fiela, Gﬂlif., May 19#7 :

-




NACA TN No. 1350

M

CL

Coo

CDt

Cor

APPENBIX
SYHBOLS
flight velocity
velocity at sea level
air density
density et sea level
atmospheric pressure
thrust .
welght
1ift
drag
Hach number (g
veloclty of sound
1ift coefficient (37§§73§)7
wing area
ratio of swmecific heata (v = 1.4 for air)
drag coefficient ( D 3\
' ) VELE
drag coefficient at zero 1ift
coefficient of drag due to thickness

coefficient of drag due to 1ifs

friction dreag coefficient
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agnect ratio _ _
wing span (pervendicular %o direction of flight)

coordinate along Sdirection of flight

parameter indicating relative slone of wing leading edge

( _ Cotengent leading-edge angle )
W = Cotangent ewees angle O NACH LiNes

thicxneses of wing 2t mldchord
swing chord

length of fuselage ST e e
radiug of fuselage

maximum radiue

maximum Siameter of fuselage. (4 = 2r,)

emall verticel velocity disturbence

gmall horizontal veloclty disturbance

lateral (epanwige) coordinate

X -my X' =x+-.my

Yy - mx ¥'=y+ mx

vertlcal coordinste of wing camber line

angle of attack

complete ellintic integral of the second kind

ratio of l1ift-curve eiope of trisngular =2irfoll to
that of the tepered. sirfoll
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NACA TN No. 1350 _ Fig. 14
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Fgure 15— L Dy and Clop For tapered
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NACA TN No. 1850 | Fig. 16
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